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Epigenetic modifications to DNA and chromatin pro-
gramme important genome functions including gene
expression, chromosomal architecture and stability,
and the maintenance of developmental states. Recent
findings further implicate epigenetic modifications in
the control of allelic choice in the immune system. 
Pathogenic agents, such as bacteria and viruses, are
recognized by the B and T cells of the immune system
via a vast repertoire of antigen receptors. The diversity
of this repertoire is created from a relatively small
number of V, D and J gene segments that become
shuffled by DNA rearrangements in somatic cells in a
process termed V(D)J recombination (reviewed in [1]).
Importantly, only one of the two alleles of the antigen
receptor is expressed in B cells and T cells, whereas
the other one is silenced by a mechanism known as
allelic exclusion. It is often the case that the expressed
allele is rearranged completely and productively but
the silent one is not. It was therefore believed that
rearrangement occurred randomly with respect to the
two alleles, but that further rearrangement was inhib-
ited when a functional receptor was expressed on the
surface of the cell. Now two new papers [2,3] provide
evidence that both the initial selection of which allele
is to be rearranged, as well as the maintenance of
silencing of one of the alleles, is under the control of
epigenetic mechanisms.
The RAG recombinase, which is responsible for
V(D)J recombination, recognises a short consensus
sequence known as a recombination signal sequence
or RSS that is present in the flanks of the segments to
be rearranged. However, since all antigen receptor
gene segments are flanked by this signal, it occurs
many times in the genome and therefore the accessi-
bility of these sequences to RAG has to be carefully
regulated (Figure 1). In vitro, the relative positioning of
the RSSs with respect to nucleosomes can affect the
initiation of V(D)J recombination by RAG [4]. In vivo,
the accessibility of a locus is usually indicated by
active transcription, by features affecting the chro-
matin structure including histone acetylation, and by
the replication time of the DNA during S phase of the
cell cycle — transcriptionally silent heterochromatic
regions replicate later in S phase than actively tran-
scribed euchromatic loci. Replication asynchrony is
therefore considered to be a suitable marker for allelic
differences in the epigenetic state of the locus. Chro-
matin immunoprecipitation experiments have shown
that histone acetylation correlates strikingly with V(D)J
recombination in the T-cell receptor loci [5], and the
histones in the immunoglobulin heavy chain locus are
hyperacetylated in a stepwise manner, domain by
domain, so that the DJ regions are made accessible
first while the distal V segments remain hypoacety-
lated [6]. The data presented in the recent paper by
Mostoslavsky and colleagues [2] address whether epi-
genetic features differentially mark the two heavy
chain alleles before rearrangement actually occurs.
One modification known to show a differential asso-
ciation between active and repressed alleles is DNA
methylation. Differential DNA demethylation has been
observed at κ light chain immunoglobulin loci prior to
rearrangement, with the demethylated allele undergo-
ing preferential rearrangement [7]. The mechanistic
relationship between demethylation and rearrange-
ment is unclear, however, since demethylation does
not necessarily lead to rearrangement [8]. The question
thus remains of how the differential accessibility of the
two alleles is first established, and furthermore how
allelic silencing is maintained following recombination.
Mostoslavsky and colleagues [2] provide strong evi-
dence that differential accessibility probably underlies
the choice of which allele of the antigen receptor locus
is to be rearranged first. They show, using fluores-
cence in situ hybridization analysis of the immunoglob-
ulin receptor locus that there is asynchrony of DNA
replication in S phase with one allele replicating con-
siderably earlier than the other allele. This asynchrony
of replication is random with respect to the parental
origin of the two alleles. It is evident in germ cells and
in very early preimplantation stages in the developing
embryo, in embryonic stem cells and in fetal fibrob-
lasts, and therefore long before the lymphocyte
lineage is determined. Importantly once established,
the replication asynchrony is clonally stable through
many cell divisions, at least in the immortalized
primary cell lines examined. Mostoslavsky et al. [2]
suggest that it is the rearranged allele that replicates
earlier than the non-rearranged one. This assay is con-
ducted on cells after rearrangement so does not 
conclusively correlate differential replication with
rearrangement. Definitive proof requires a more diffi-
cult experiment in a suitable cell type which allows
early replication and subsequent rearrangement to be
shown for the same allele. Nonetheless, the authors
conjecture that the early replicating allele of the
immunoglobulin receptor locus is the one chosen for
recombination and that early epigenetic programming
is influencing that choice.
How is early replication controlled? Unlike methyla-
tion, the replication asynchrony was independent of
the presence of the two main enhancers that control
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expression of the κ loci. Targeted inactivation of either
the intron enhancer or the 3′ enhancer of the κ loci did
not affect the differential replication timing. This is
perhaps not surprising since the asynchronous
pattern of replication is established long before the
enhancers become active. Even in the presence of a
rearranged transgene for the κ light chain (which pre-
vents rearrangement in the endogenous loci) the two
silent germline κ loci replicated asynchronously.
Therefore, the epigenetic accessibility of one of the
alleles is controlled by a heritable mechanism, which
is not directly dependent on the transcriptional control
of the locus. 
In fact, the developmental time at which asynchro-
nous replication of the immunoglobulin loci is estab-
lished may be similar to that of other monoallelically
expressed loci such as those on the X chromosome in
females. The idea put forward by Mostoslavsky and
colleagues [2] is that the monoallelic marking of antigen
receptor loci is part of a more general mechanism that
regulates marking of genes on autosomes that are
monoallelically expressed later in development. This
general mechanism differs from imprinting, in which
germline modifications are retained throughout preim-
plantation development [9], because the epigenetic
features responsible for the replication asynchrony at
these other autosomal loci do not appear to be
retained throughout preimplantation development but
are re-established around implantation [2].
Once recombination has taken place, how is the
non-rearranged allele kept transcriptionally silent?
Skok and colleagues [3] have shown that the rearranged
and the silent allele, respectively, of the B cell antigen
receptor loci have different intranuclear localizations,
with the silent allele being localised close to positions
in the nucleus in which centromeric heterochromatin
reside. Localisation to a centromeric zone was also
observed with isotypically excluded alleles (isotype
refers to the light chain of the BCR, either κ or λ; the κ
light chain is used first and more frequently than λ in
mice, consequently, most B cells have unrearranged λ
loci and >90% of the B cells show centromeric local-
ization of both λ loci). This mechanism provides a
useful and robust way of maintaining expression pat-
terns in allelic silencing, but clearly also operates
more generally in situations where there is silencing
without distinction of the alleles. 
One of the interesting questions raised by these
observations is how the localization of silent late-repli-
cating domains is targeted to centromeric zones
within the nucleus. The identification of histone vari-
ants associated with centric heterochromatin as well
as the inactive X [10,11], suggests that the histone
composition of the chromatin might be one of the
mechanisms for targeting domains to centromeric
late-replicating zones. The localization of the silent
allele in the study of Skok et al. [3] is mediated by the
DNA-binding protein, Ikaros. The relationship, if any,
between intranuclear zones of inactive chromatin, the
specific unmodified chromatin-associated proteins
associated with this localization, and epigenetic mod-
ifications involved in the silencing of DNA or chro-
matin, remains to be determined.
What happens when the first rearrangement attempt
is not productive? V(D)J recombination is an imprecise
recombination process and a successful protein is not
always generated. This is in fact a frequent event
because potentially two thirds of all rearrangements
are non-productive. Critically, the second allele then
needs to be rearranged and expressed. While neither
study has managed to follow asynchronous replica-
tion or centromeric localization during the rearrange-
ment process or indeed in situations in which the
second allele undergoes rearrangement, the implica-
tion is that the epigenetic control of rearrangement
and of silencing has to be reversible to allow the other
previously silent allele to rearrange. It will be interest-
ing to determine the allele-specific replication pattern
and changes in nuclear localization under those cir-
cumstances [12].
The number of genes known to be regulated by 
epigenetic mechanisms is increasing all the time. In
Figure 1. The orderly rearrangement of the
B-cell receptor chains during lymphocyte
development. 
The B-cell receptor is assembled from two
heavy chains and two light chains. Each
chain is assembled from V, D and J gene
(V and J only in the light chain) segments
by DNA rearrangement. After RAG activa-
tion, both heavy chain alleles initiate D to
J rearrangement first (DJH), while the light
chain loci (κ) remain unrearranged
(germline, glκ). One of the heavy chain
alleles initiates rearrangement from the V
segment locus into the DJH. After a suc-
cessful rearrangement, the heavy chain
expression on the cell surface sends a
signal to prevent any further rearrangements in the heavy chain locus and rearrangement of one of the light chain κ loci gets started.
The genomic configuration of the two alleles of both loci during development is represented by the letters (V, D, J and H for the heavy
chain, κ for the light chain). Red represents the early replicating allele as described in [2]. The centromeric domain association of the
silent allele in mature B cells described by Skok et al. [3] is shown as the central black dot. The first undifferentiated stage prior to
rearrangement shows one allele early replicating (red) while the hypothetical centromeric localization of the late replicated allele (black)
is predicted.
glH
D-to-JH
DJH
glH
Pro-B Pre-B Immature B
RAG
DJH
V-to-DJH
DJH
VDJH
Surrogate
light 
chain
V-to-Jκ
DJH
VDJH
glκ
VJκ
glκ
glκ
DJH
VDJH
glκ
VJκglκ
glκ
glκ
glκ
Mature B
Current Biology  
Light
chain
Undifferentiated
precursor
B-cell
receptor
Heavy chain Heavy chain
Dispatch
R110
addition to the classical examples of epigenetic gene
regulation such as imprinted genes [9] and genes on
the inactive X chromosome [13], the list includes inter-
leukin genes [14,15], olfactory receptor genes [16] and
now the B cell and T cell receptor genes. There are
interesting parallels in these systems in which monoal-
lelic control plays a key role. For example, all are
associated with common organizational features such
as clustering of the gene members and both long- and
short-range local control mechanisms. All exhibit both
epigenetic establishment and maintenance properties,
most are epigenetically programmed in cell types in
which they may not be transcriptionally active and,
where tested, exhibit asynchronous replication of
DNA. Differences include the extent of involvement of
parental-origin-specific parameters in their initiation,
the extent to which DNA methylation may be involved
and the precise timing of the initiation and establish-
ment of their epigenetic states. Interestingly, it has
been proposed that the emergence of DNA methyla-
tion in the mammalian genome resulting in epigenetic
control of gene expression originally evolved as a
host-defence mechanism against parasitic or foreign
elements such as viruses and transposable elements
[17]. It is tempting to extrapolate this hypothesis to
include epigenetic control of the host’s immunological
response to pathogens.
Whether keeping track of pathogens and odorants,
or keeping control of development, epigenetic mech-
anisms are here to stay. The new papers raise many
questions, including how asynchronous DNA replica-
tion is initiated and maintained, and which protein and
chromatin mechanisms are involved in moving silent
or active domains around in the nucleus. New insights
contributing to our understanding of these fundamen-
tal functional genomic issues are expected to come
from further studies in epigenetics.
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